We report the realization of a GaAs/AlGaAs quantum-cascade terahertz emitter capable of emitting at two entirely different frequencies from the same structure. This is realized through judicious wavefunction engineering of the relevant electronic states. Emission is observed at 6.32 meV ͑1.5 THz͒ and 12.18 meV ͑2.9 THz͒ with full width at half maximum of 0.72 meV and 0.58 meV, respectively, at Tϭ10 K. The structure consisted of 40 periods of the quantum-cascade module. Emission occurred between two sets of distinct energy levels that came into the desired configuration at different biases due to the quantum-confined Stark effect. Higher-energy AlAs-like phonons were utilized for the depopulation mechanism. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1467698͔ Quantum-cascade lasers ͑QCLs͒, since their first experimental demonstration in 1994, 1 have exemplified remarkable progress and since then, have instilled an immense amount of research activity. As of now, the QCLs have been successfully operated in the 5-24 m range of the electromagnetic spectrum.
͑Received 10 December 2001; accepted for publication 6 February 2002͒ We report the realization of a GaAs/AlGaAs quantum-cascade terahertz emitter capable of emitting at two entirely different frequencies from the same structure. This is realized through judicious wavefunction engineering of the relevant electronic states. Emission is observed at 6.32 meV ͑1.5 THz͒ and 12.18 meV ͑2.9 THz͒ with full width at half maximum of 0.72 meV and 0.58 meV, respectively, at Tϭ10 K. The structure consisted of 40 periods of the quantum-cascade module. Emission occurred between two sets of distinct energy levels that came into the desired configuration at different biases due to the quantum-confined Stark effect. Higher-energy AlAs-like phonons were utilized for the depopulation mechanism. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1467698͔ Quantum-cascade lasers ͑QCLs͒, since their first experimental demonstration in 1994, 1 have exemplified remarkable progress and since then, have instilled an immense amount of research activity. As of now, the QCLs have been successfully operated in the 5-24 m range of the electromagnetic spectrum. 2, 3 It is hoped that the success story of the cascade lasers can be extended to the terahertz range ͑60-300 m͒, where there is a definite lack of compact coherent sources. The problem of extending the operating frequency of the cascade lasers into the THz range is extremely challenging due to the highly efficient nonradiative electron-electron ͑e-e͒ scattering and large waveguide losses. As a first step towards the development of such an intersubband THz laser, various groups including ours have previously reported the observation of THz electroluminescence ͑EL͒ from cascade structures. 4 -7 Dual frequency lasing from cascade devices has been reported using various schemes, such as tuning the oscillator strength of the radiative transition, 8 using superlattice structures capable of emitting dual frequency photons, 9 and more recently using heterogeneous cascade structures. 10 These, however, have been in the mid-infrared range of the spectrum. Here we report the observation of dual frequency THz emission from a GaAs/AlGaAs quantum cascade structure. Our device utilizes the quantum confined Stark effect ͑QCSE͒ for the dual frequency emission and comprises forty periods of the asymmetric double quantum well ͑ADQW͒ structure. The energy levels of the ADQW structure were engineered to emit different frequency THz photons at two different biases. Wave-function engineering was employed to optimize the oscillator strengths for the two desired transitions. The anticrossing of the energy levels, resonance with phonon energies, and electronic transition matrix elements were the three parameters considered while designing an optimized cascade structure. Anticrossing is required for maximum injection efficiency between the periods, resonance with phonon energies is desirable for maximum depopulation of the lower level, and optimized transition matrix elements are required for maximizing the radiative transition. The inset in Fig. 1 shows the conduction band profile along with the layer thickness, wave functions, and material composi- applied biases under which the device is designed to emit at the two different frequencies. At 16 kV/cm, the device is designed to emit at 6 meV with levels ͉3͘ and ͉2͘ anticrossing and at 20 kV/cm, the device is expected to emit at 12 meV with levels ͉4͘ and ͉3͘ anticrossing. At both these biases, ⌬E 21 is close to the AlAs-like phonon energy. The inset shows the conduction band profile of the GaAs/Al 0.2 Ga 0.8 As quantum cascade structure along with the layer thicknesses and wave functions.
APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 14 8 APRIL 2002 tions of the structure used for dual frequency emission. The variation in the intersubband energy level spacing in the cascade structure as a function of applied bias is shown in Fig.  1 . Anticrossing occurs between levels ͉3͘ and ͉2͘ at 16 kV/cm and between levels ͉4͘ and ͉3͘ at 20 kV/cm ͑level ͉4͘ refers to the lowest energy level associated with the previous period͒. Emission occurs between levels ͉4͘ and ͉3͘ in the former case and between levels ͉3͘ and ͉2͘ in the latter: it is this feature of the energy level configuration that permits dual frequency emission. The energy separation between levels ͉2͘ and ͉1͘ is a critical parameter and has to be carefully designed to be in resonance with one of the higher energy AlAs-like phonon modes to ensure fast depopulation of level ͉2͘.
In Fig. 2 we show the squared magnitude of the wave functions of the relevant energy levels involved in the THz emission at the two different biases for which the device was optimized. Here we have chosen designs with lesser overlap between the wave functions of the electronic states involved in the THz emission. This optimization was necessary to minimize the e-e interaction while maintaining sufficient oscillator strength, a design consideration one has to heed in the case of THz devices. Since both the e-e scattering and the oscillator strength have a similar dependence on the wave function overlap, the parameter to be optimized is the net gain for a given device. The details of such an optimization scheme will be presented elsewhere. The structure is designed for 6 meV emission between levels ͉4͘ and ͉3͘ at 16 kV/cm, while the 12 meV emission occurs between levels ͉3͘ and ͉2͘ at 20 kV/cm. The calculated transition dipole matrix elements are 7.4 nm and 6.5 nm, respectively. At these biases, the energy level separation between levels ͉2͘ and ͉1͘ is 44 meV and 47 meV and the phonon-limited lifetime of level ͉2͘ is ϳ0.8 ps and 0.05 ps, respectively, for the two cases. This was calculated after taking into account the presence of confined as well as interface phonon modes in these systems. 11 At low temperatures the lifetimes of level ͉3͘ and ͉4͘ are essentially determined by e-e interaction, since phonon mediated transition is not energetically allowed for energy level separations corresponding to the THz range. Assuming that e-e interaction is the most dominant nonradiative mechanism, the lifetime of these levels is predicted to be in the order of ϳ10 ps. The bold arrow indicates the radiative transition and the dashed arrow indicates the phonon-mediated transition in Fig. 2 .
The THz emitters were fabricated using solid source molecular beam epitaxy on n ϩ GaAs substrates. Forty periods of the cascade structures were sandwiched between two n ϩ (1.5ϫ10 18 cm Ϫ3 ) GaAs layers. The 40 Å barrier was slightly n-doped (2ϫ10 16 cm Ϫ3 ) to minimize space charge effects. The heavily doped layers were placed on either side of the cascade structure to act as plasma reflectors to confine the THz mode. Once grown, the wafers were processed into emitter samples with the indium alloyed into the back of the wafer during the growth process, serving as the back contact. Ni/Ge/Au grating with 15 m periodicity and 50% fill factor was deposited on the top surface for output coupling and top ohmic contact. The emitters were made into samples of 1000 mϫ1000 m size.
A Bruker IFS 66V Fourier-transform infrared ͑FTIR͒ spectrometer was used in the step-scan mode to resolve the THz EL spectra. The samples were mounted on the cold finger of a He cryostat and the temperature was controlled using a Lakeshore DRC 93CA temperature controller. Current injection was provided by a HP 214A function generator set to give out 1 ms pulses at a repetition rate of 100 Hz, corresponding to 10% duty cycle. The electroluminescence signal was sent into the FTIR spectrometer, which was evacuated to avoid any losses due to water vapor. The resulting signal was collected by a Si bolometer cooled to 4.2 K. The output from the detector was fed into a lock-in amplifier. Terahertz EL observed from the emitter at the two different biases at Tϭ10 K are shown in Fig. 3 . The device showed emission at 6.32 meV ͑1.5 THz͒ with a full width at half maximum ͑FWHM͒ of 0.72 meV and emission at 12.18 meV ͑2.9 THz͒ with FWHM of 0.58 meV at Tϭ10 K. To verify that the THz emission was occurring due to the desired intersubband transitions within the conduction band of the cascade structure, we measured the emission spectrum at higher bias. The spectrum obtained at higher bias is shown in the inset in Fig. 3 . We see multiple peaks arising from severe misalignment of the various energy levels associated with the entire cascade structure. The dominant single peak emission observed at the two biases coincide with the theoretically predicted values and hence can clearly be ascribed to the specific intersubband transition occurring between levels ͉4͘ and ͉3͘ and between ͉3͘ and ͉2͘ in each period of the multiple quantum well structure.
We also studied the peak intensity of emission as a func- tion of the applied bias to verify the optimization of the device for dual frequency emission. The frequency of the emission peak shifted with applied bias due to QCSE, but the intensity of EL was most efficient at 2.1 V and 2.55 V. The result of this experiment is shown in Fig. 4 . We observe two distinct peaks for the emission at 2.1 V ͑corresponding to emission at 6.32 meV͒ and at 2.55 V ͑corresponding to emission at 12.18 meV͒. For the particular device comprising 40 periods with the length of each period equal to 314 Å, these biases correspond to 16.7 kV/cm and 20.3 kV/cm, respectively. From Fig. 2 it can be seen that the values of the applied biases are indeed close to the theoretically designed values at which we expect emission between levels ͉4͘ and ͉3͘ in the former case, and between ͉3͘ and ͉2͘ in the latter.
In conclusion, we have experimentally demonstrated dual frequency THz emission from a quantum-cascade structure at 6.32 meV and 12.18 meV with FWHM of 0.72 meV and 0.58 meV at Tϭ10 K. The dual frequency emission occurs from the same cascade structure at two different biases. The variation of the experimentally observed emission peak intensity as a function of applied voltage clearly indicates the capability of the device to emit at two frequencies. Further, the 6.32 meV ͑corresponding to 196.2 m͒ emission is the longest wavelength emission reported by any cascade structure to date.
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